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ABSTRACT 
The work presented in thesis is part of the DANIELA project which aims to 
replace the current air data system on civil aircrafts with a flush mounted Air 
Data System (ADS) built around a 3 axis Doppler LIDAR function as the primary 
data channel. 
This thesis is focused on the comparison of different window materials and their 
optical clarity by means of theoretical and experimental analysis. Four different 
window materials including BK7, Sapphire, Germanium and ZnS are placed in a 
wind tunnel. The samples are each exposed to flows of air and water for 
specific periods of time during which temperature, pressure and air speed are 
recorded. Subsequently, each sample is carefully observed under the 
microscope. This is followed by the measurement of the amount of back scatter 
via detecting the change in the voltage once it is placed in the optical station. 
The optical tests reveal the amount of dust adhered to the samples which 
results in increased voltage. Review of these samples under the microscope 
matches the results obtained from the optical test. The two sets of data 
obtained from the two tests determined that some samples collected more dust 
in comparison to others. It was established that under identical test conditions 
i.e. flow, temperature and moisture, BK7 and Sapphire collect considerably less 
dust compared to ZnS. Moreover it was impossible to test Germanium sample 
optically, under a microscope as it is a dark opaque glass.   
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CHAPTER 1.    INTRODUCTION  
The aim of DANIELA (Demonstration of Anemometry InstrumEnt based on 
Laser) is to replace the current typical air data system which is composed of 
probes and pressure sensors, with a flush mounted Air Data System (ADS) built 
around a 3 axis Doppler LiDAR (Light Detection And Ranging) function as the 
primary air data channel on a civil aircraft. This will include the Doppler related 
functions such as True Air Speed (TAS), Side Slip Angle (SSA), Angle of Attack 
(AOA) and also the measurement of temperature and density. 
The existing system has provided sufficient precision however it suffers from 
lack of robustness against bird collision, passenger (stair mishandling) or 
hailstone.  
In addition, to ensure the system availability, the probes need de-icing; this 
requires high power consumption (typically 9,000 Watts for the 3 air data 
channels). Furthermore, for safety purposes they require high levels of 
maintenance as the externally mounted probes are exposed to corrosion. 
There is also a higher risk of failure as both primary and standby channels may 
have similar failure modes. Therefore, using a laser-based system will reduce 
the system malfunction by reducing the probability of common failures. (TEEM 
Photonics – 2008) 
The DANIELA mock up is a flyable, 4-axis, Very Short Range Infra-Red Dopler 
LiDAR. The mock up operates at 1.5μm, with 1W laser power on each axis. Its 
optical architecture has been optimised to accomplish the “shot noise” limited 
operation. This results in achieving the highest signal to noise ratio with the 
lowest emitted laser power. 
DANIELA project is divided into different work packages. One of which is the 
windows research and development. This package consists of research into 
maintenance and improvement of the optical window material. The project 
includes comparing the dust build up on a series of different window materials 
by means of optical clarity. 
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The DANIELA project came to an end in January 2012. However, sections of 
the research are still on-going. This includes the research into windows. 
1.1 Study Objectives 
The work presented in this thesis is focused on the comparison of different 
window materials and their optical clarity by means of theoretical and 
experimental analysis.  In general, the project aims to establish whether some 
materials collect more dust in comparison with other materials, under identical 
conditions. 
The Detailed objectives of the project are to: 
 Carry out a detailed review of literature on the behaviour of particles 
when they come into contact with a surface. 
 Perform hand calculations and numerical analysis, and use existing 
numerical results to understand the behaviour of particles and surfaces 
as they come into contact with each other. 
 Design and develop a test rig for the purpose of the comparison of 
materials in collecting dust. 
 Perform an experiment with an existing icing tunnel to compare the 
amount of dust adhering to different materials 
 Carry out optical tests to compare the amount of dust built up on selected 
optical windows 
1.2 Outline of Thesis 
The framework of this thesis is as follows:  
After this introduction, chapter 2 provides a comprehensive review of literature 
on the definition of Aerosols, their shape, size, and concentration. It also looks 
at forces acting on particles in contact with surfaces and interaction of light with 
suspended particles.  
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Chapter 3 focuses on the techniques corresponding to the experimental set-up 
stages of the work, as well as those related to the methodologies involved in 
obtaining the experimental data and the post-processing and analysis of the 
results. It also includes the background theories and formulations on the 
behaviour of fluid flow in pipes and on smooth surfaces; as well as the 
theoretical background related to the selection of different materials for the 
windows. This chapter also introduces the experimental and numerical methods 
used throughout the project. It includes the calculations carried out in the design 
of the test rig. 
Chapter 4 provides the details of the experiments carried out on window 
samples placed inside an icing tunnel, the results achieved and their analysis 
followed with the background theory. 
Chapters 5 and 6 outline the conclusions and recommendations for future work, 
respectively  
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CHAPTER 2.    LITERATURE REVIEW 
In line with the main objective of this project, which is to compare the effect of 
particle adhesion on selected window samples, it is important to understand the 
behaviour of surfaces and aerosol particles when they come into contact with 
each other. Prior to doing that, it is important to review the definition of aerosols 
and their characteristics. 
This chapter starts by providing a review of literature on the definition of Aerosol 
in Section 2.1. The chapter then continues by looking at Aerosol particles’ 
shape and size and concentrations of aerosol particles in the atmosphere, in 
Sections 2.2, 2.3 and 2.4, respectively. It then brings to focus different factors 
influencing the behaviour of aerosol particles when they come into contact with 
a surface in Section 2.5. Finally, Section 2.6 discusses the interaction of light 
with suspended particles.  
2.1 Aerosol Definition 
Aerosols are formed either by gases changing into particulate matter or by the 
disintegration of liquids or solids as explained by Friedlander (1977). They may 
also be formed from the re-suspension of powdered material or the break- up of 
agglomerates as described by Hinds (1982). 
Vincent (1989) defines aerosols as a disperse system of liquid or solid particles 
suspended in a gas, usually air. Examples of these can be divided into two 
groups; naturally occurring ones such as snowstorms, sandstorms, mists, 
clouds, etc, or man-made ones including smoke, fume, coal dust, cement dust, 
asbestos dust, etc. Aerosols can also be divided into two other categories as 
explained by Hinds (1982): primary aerosols which consist of particles 
introduced directly into the atmosphere, and secondary particles which are 
created in the atmosphere as a result of the chemical reaction of gaseous 
components (gas to particle conversion). 
Reist (1984) defines dust as solids created by processes such as crushing, 
grinding, blasting and drilling. These particles are the same as the parent 
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material only smaller, with the sizes ranging from sub microscopic to 
microscopic. 
In a report written by Christopher Ritter (2009) for DANIELA, six main 
categories of aerosols have been named. These categories are:  1) urban-
polluted 2) biomass burning 3) desert dust 4) sea salt 5) volcanic dust 6) Arctic 
haze (a unique aerosol feature which occurs over the otherwise pristine Arctic.) 
Particle size, concentration and chemical composition of the aerosol particles 
are usually the most influential characteristics of the particles on human health, 
visibility and climate. Light scattering is one of the effects which are dependent 
on the size of the particles. Figure 2.1 by Friedlander (1977) shows the light 
scattered per unit mass of aerosol versus particle diameter for wavelengths in 
the visible range. This shows that the maximum scattering efficiency 
corresponds to the particle size of the same order as the wavelength of the 
incident light. 
 
Figure 2.1 - Light scattering efficiency, expressed as light scattered per unit 
mass of particles. The peak occurs in the range corresponding to the 
wavelength of the scattered light in the visible range. 
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2.2 Shape  
For ease of calculation the aerosols are often assumed to be spherical. This 
also helps with the visualization of the processes taking place. However, with 
liquid droplets always being spherical, as an exception, many shapes are 
possible as explained by Reist (1984). These shapes can be divided into three 
categories:  
 Isometric particles: these have all their three dimensions as equal. 
Spherical, regular polyhedral and particles approximating these shapes 
are part of this group.  
 Platelets: these are particles which have two long dimensions and a 
small third dimension. This group includes leaf fragments, scales, and 
disks.  
 Fibres: they are particles with great length in one dimension compared to 
a much smaller length in two other dimensions. Examples of this group 
are prisms, needles, threads or mineral fibres such as asbestos. 
2.3 Size  
According to Hinds (1982), one of the most significant parameters, for 
characterizing the behaviour of aerosols is the particle size.  
Assuming that the aerosol particles are spherical; the particle radius or the 
diameter can be used to describe particles sizes. Aerosol particle sizes range 
from 0.001μm to 100μm. According to Figure 2.2, Hinds (1982), dusts, ground 
materials and pollen are in the micrometre range or larger and fumes and 
smokes are sub-micrometre or smaller. 
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Figure 2.2 - Particle size range for aerosols. 
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2.4 Concentration 
Another property of aerosol particles is their mass concentration (c), which is 
defined as the mass of particulate material in a unit volume of gas, i.e. air. 
Aerosol concentration is important to this study, as low aerosol concentration 
could challenge the LIDAR system on board the aircraft and the high aerosol 
concentration and extreme storms may result in reduced flight safety.  
Ritter (2009) reports that various studies have shown, aerosol concentrations 
above the ocean are lower than over the land, or more accurately air whose 
path had never been in contact with any continent clearly show a lower aerosol 
content. 
Carlson and Benjamin (1980) consider wind-blown dust as one of the dominant 
aerosols in the lower atmosphere; this is mostly composed of mineral particles 
together with some organic matters. Although they are fairly large, with 
consequently high settling rates, under some conditions these dust particles can 
spread far from their source and remain in the atmosphere for long periods. A 
notable example is dust from the Sahara, which spreads across much of the 
Atlantic Ocean between Africa and the Caribbean during summer months. 
Bohren and Huffman (1940), explain that dominating the marine aerosol are salt 
particles, together with some organic particles of marine origin. The globally 
dominant mass of particles, found distributed over the entire earth, is composed 
of sulphur compounds, including ammonium sulphate, and sulphuric acid. 
These particles are formed mostly in the stratosphere by complex chemical 
reactions. In periods of strong volcanic activity, volcanic ash maybe significant; 
volcanic ash remains in the atmosphere for several years after its introduction. 
Minor constitutes of the atmospheric aerosols include terrestrial organic 
substances such as terpenes and pollution such as carbon, metal oxides and 
photochemical smog.  
Friedlander (1977) describes the concentration of aerosols as follows:  
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Assuming δN is the number of particles in an initially rather large volume δV 
surrounding the point P in the gas, the average (number) concentration of the 
particles within the volume δV, is the ratio of  𝛿𝑁 𝛿𝑉⁄  . Depending on the 
concentration gradient in δV, the average concentration can either increase or 
decrease as δV shrinks towards the point P. However, the concentration 
gradient will generally approach a constant value over a range of values of δV 
in which the gradient is small but many particles are still present. This constant 
value is the particle concentration at the point P. As the volume continues to 
shrink, the number of particles becomes so small that the average 
concentration fluctuates randomly in space and time, i.e. it is not statistically 
stationary. 
 
 
Figure 2.3 - The volume δV contains δN particles shrink toward point P 
 
2.5 Forces Acting on Particles in Contact with Surfaces 
To study the behaviour of aerosol particles, just knowing the size of the particle 
will not be sufficient. Effects of the aerosol particles, such as mass and 
electrical charge plus the properties which are joint properties of particle and the 
medium, such as diffusion coefficient and sedimentation speed are all the 
factors which need to be considered in order to achieve reasonable findings.  
Volume δV 
Number δN P 
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But firstly the behaviour of both the particle and the surface when they come 
into contact with each other needs to be considered. Small particles may or may 
not stick to surface depending on their collision velocity as described by Esmen 
et al (1978).  Low collision velocity results in the particle adhesion to the surface 
whereas high collision velocity results in particle bounce. 
Bowden and Tabor (1958) divides the impact between a solid particle and a 
solid surface into four stages. When a solid particle comes into contact with a 
solid surface at stage one the region of contact is deformed elastically. If the 
contact is smooth, the surface recovers elastically and separates with no 
deformation occurring.  
The second stage is when a slight plastic deformation occurs and stage three 
occurs when the impact energy is higher and complete plastic deformation 
occurs in the surface. The plasticity will reach full scale until the whole kinetic 
energy of the particle is consumed. Finally at stage four elastic stresses in both 
surfaces are released. This results in particle rebound. Note that this process 
has been described for solid particles of approximately 1cm diameter coming 
into contact with a solid surface. However the same can be said about particles 
of smaller diameter, this is explained by Esmen et al (1978). 
Esmen et al (1978) describes the process for particles of much smaller diameter 
of between 4.4 to 15.5µm when they come into contact with a smooth solid 
surface.  The particle surface collision is regarded as the energy of the particle- 
surface system. Esmen et al (1978) describes this system as a potential well, in 
which the particles with low rebound energy will be captured by the surface, 
when they are near it. During the collision the depth of this potential well can 
alter, if the particle is charged, permanent or transient deformation in the 
particle and surface occurs.   
Apart from particle adhesion and particle bounce as described in this section, 
other effects which should be taken into account for the purpose of this thesis 
are the particle bounce, detachment and re-suspension from the surface. This is 
explained in details in sections 2.5.2, 2.5.3 and 2.5.4 of the thesis.  
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2.5.1 Adhesion of Particles 
Dust particles have a great tendency to cling to surfaces such as leaves, fabric, 
and walls. This shows that gravitational and aerodynamic forces can fail to 
overcome the adhesion forces of these particles. It also implies that applying 
external forces such as air flow does not remove all the particles.  
Hinds (1982) explains that the main adhesive forces on a particle are London 
Van der Waals, electrostatic forces, and the surface tension of adsorbed liquid 
films. These forces are affected by the material properties, roughness, 
contamination of the surface; relative humidity, temperature, duration of contact 
and initial contact velocity. 
Additionally, Zimon (1969) explains that the number of dust particles adhering to 
a plate placed into a flow of air depends on the concentration of aerosol 
particles in the flow, properties of the dust and the surface and the arrangement 
of the surface according to the axis of flow. 
London Van der Waals Forces 
Corn (1961) and Friedlander (1977) define London Van der Waals Forces as 
the force by which the molecules or atoms of different material or compositions 
are attracted to each other. These forces are effective at short distances and 
they reduce to zero as the distance increases.  They result from fluctuations in 
the electron clouds surrounding the nucleus. Electrically neutral and symmetric 
atoms or molecules have instantaneous dipoles. These dipoles induce dipoles 
in the neighbouring atoms or molecules. This is shown in Figure 2.4. 
 
Figure 2.4 - Van der Waals adhesive force 
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The surfaces of most materials are irregular as explained by Hinds (1982). The 
initial contact between the particle and surface happens only between a few 
asperities as shown in Figure 2.5. After initial contact, the asperities are 
gradually deformed by Van der Waals forces and the separation distance 
between the particle and the surface is reduced. This increases the contact 
area until balance is restored between the attractive forces and the forces 
resisting deformation. The deformation process may take as long as a few 
hours. The hardness of the materials involved controls the size of the ultimate 
area of contact and consequently, the strength of the adhesive force.  
 
 
Figure 2.5 - Sub microscopic contact geometry 
Effects of Relative Humidity on Adhesion 
Various experimental studies carried out by different scientists such as Bowden 
and tabor (1954), Ranade (1987) and Corn (1966); show that the relative 
humidity of the ambient air affects the adhesion of solid particles to solid 
surfaces. Adhesion force generally increases with relative humidity.  
Figure 2.6 and Figure 2.7 by Corn (1966) demonstrate the effects of relative 
humidity on adhesion of quartz particles to Pyrex and glass particles to quartz, 
respectively. 
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Figure 2.6 - Adhesion of quartz particles to Pyrex 
 
 
Figure 2.7 - Adhesion of glass particles to quartz 
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Effects of Surface Roughness on Particle Adhesion 
Analytical results obtained by N.B. Wood (1980), on turbulent deposition to 
smooth and rough surfaces, suggest that the deposition rates are greatly 
affected by the surface roughness.  
Yakov et al. (2000) explains that the nanoscale surface roughness dramatically 
reduces adhesion between a particle and a surface. This is caused by the 
reduction in real area in contact and increase in the distance between the bulk 
surfaces. 
Effects of Static Electricity on Adhesion 
Most aerosol particles carry some electric charge and some may be highly 
charged. As a result for highly charged particles, electrostatic force can become 
greater than gravity.  
2.5.2 Particle Bounce  
Hinds (1982) and Esmen (1978) explain that when a particle contacts a surface 
at high velocity, part of the kinetic energy is transformed into the deformation 
process (plastic deformation), and part of it is converted elastically to kinetic 
energy of rebound. The particle will rebound and bounce away from the surface 
if the rebound energy exceeds the adhesion energy. Bouncing depends on 
particles and their sizes. It does not occur for droplets or easily deformed 
particles such as tar. The harder the particle material, the larger the particle or 
the greater its velocity, the more likely bounce is to occur, although surface 
roughness plays a significant role. Coating surfaces with oil or grease increases 
the adhesion energy, the deformation and the dissipative energy.  They also 
greatly reduce the possibility of bouncing. 
2.5.3 Detachment  
Some aerosol particles adhere to the surface as they come into contact with the 
surface. However, these can then be removed from the surface if sufficient 
removal force is applied. Hinds (1982) explains that adhesive forces are 
proportional to the particle diameter (d) whereas the removal forces are 
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proportional to d3 for gravitational, vibrational, and centrifugal forces and d2 for 
air currents. Based on this relationship, it becomes more difficult to remove the 
particle from the surface as the particle size decreases. On the other hand, 
larger particles and visible particles such as grains of sand can be removed 
more easily by shaking or air currents. Smaller particles such as soot particles 
are not able to do so; although they may be removed by washing. Hinds (1982) 
explains that the adhesive force on a particle less than 10µm is much greater 
than other forces on such a particle as shown in Table 2-1. 
 
Table 2-1 Comparison of adhesive, gravitational, and air current forces on 
spherical particles of standard density. 
  Force (dyn)  
Diameter (µm) Adhesion a Gravity Air Current (at 
1000 cm/s) 
0.1 10-3 5 × 10-13 2 × 10-5 
1.0 10-2 5 × 10-10 2 × 10-4 
10 10-1 5 × 10-7 3 × 10-3 
100 1 5 × 10-4 6 × 10-2 
a
 Calculated for 50% RH 
 
 
2.5.4 Re-suspension 
Another process closely associated with adhesion of particles is the process of 
re-suspension. Re-suspension can be defined as the detachment of a particle 
from a surface and its transport away from the surface. Air jets, mechanical 
forces, impaction of other particles, or electrostatic forces may result in re-
suspension. Re-suspension may involve rolling or sliding of the particle before it 
becomes airborne. 
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Wang (1990) describes three different modes of inceptive motions which cause 
separation. These modes are: 
 Lift off - this occurs when the normal component of force acting on an 
adhered particle exceeds the pull-off force and causes the particle to be 
lifted off the surface. 
 Sliding – during this mode the particle beings to slide and becomes re-
suspended. This takes place when the tangential component of an 
applied force becomes greater than the total normal force (including the 
sticking force) multiplied by a coefficient of static friction. 
 Rolling – this occurs when the total torque about a point on the edge of 
the contact circle (including the downward sticking force) is equal to 
zero. This causes the particle to roll around that point and hence off the 
surface.  
Reeks (2001) explains that the action of fluctuating lift and drag couples at the 
surface of the particle. This leads to a build-up of rotational vibrational energy. 
Once the adhesive is broken, the particle becomes disconnected from the 
surface and roles or lifts from the surface (i.e. mechanism of ‘incipient rolling’ 
and lift off from the surface). The drag force is the main force in the rolling start 
off. In fact drag force is almost 100 times greater than the lift force.  However, it 
is the lift force that eventually detaches the particle from the surface. 
Re-enterainment is a more specific term used to describe re-suspension by a jet 
of air. Data from Corn and Stein (1965) for the bulk air velocity required to re-
entrain different sizes of glass beads are shown in Figure 2.8. As shown in the 
figure, the larger the particle and the greater the air velocity, the greater the 
probability of re-entrainment. 
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Figure 2.8 - Particle re-entrainment versus bulk air velocity or four particle sizes. 
Data from Corn and Stein (1965) 
 
Hinds (1982) explains that particles smaller than the boundary layer are in part 
protected from re-entrainment by being submerged in the boundary layer. Re-
entrainment of these particles can be caused by the occasional bursts of 
turbulent eddies penetrating through the boundary layer.  
2.6 Interaction of Light with Suspended Particles 
Another factor which needs to be considered in the study of optical windows is 
the interaction between light and suspended particles. This will be used as the 
basis of one of the test methods used in this project. 
Friedlander (1977) explains that when light hits an aerosol particle, it will either 
cause scattering or absorption. Scattering refers to when light hits a particle of 
the same wavelength and the energy received is radiated. The radiation may 
happen in a different direction with different intensity. Absorption on the other 
hand, occurs when this energy is transformed into other types of energy such 
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as heat, chemical reaction, etc. For the purpose of this project scattering is 
considered.  
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CHAPTER 3.    METHODOLOGY 
This chapter explains the thinking and methodology behind the calculations and 
the experimental work carried out to achieve the results for this project.   
In Section 3.1, this chapter begins by providing the details of the hand 
calculations involved in the design of a new test rig and the reasoning behind 
the calculations. Section 3.2 introduces the preliminary steps involved in the 
computational analysis of the new test rig design. Section 3.3 explains the logic 
behind selecting the window samples for the experiment. 
3.1 Calculations 
From the review of literature provided in CHAPTER 2.   , it is clear that there is 
not enough information available to obtain conclusive results on the subject of 
adhesion of particles to optical windows on aircrafts. As a result, an experiment 
was required. Two main options were considered:  
 Completion of a test on the selection of sample windows in an icing 
tunnel. 
 Design of a test rig which provides improved control of the surrounding 
environment and uses that to perform the relevant tests. 
The latter option i.e. utilising a test rig specifically designed for the purpose of 
this project would provide more control over the variables of the experiments 
such as flow and air speed, and the introduction of dust particles to the flow. 
This would generate more exclusive results. The obvious compromise is the 
time and effort required in the design and construction of the test rig. Both 
options were considered in this thesis. 
3.1.1 Design of the Test Rig 
The aim was to design a test rig that demonstrates the behaviour of flow over 
the side of the aircraft, near the nose of the aircraft. Figure 3.1 depicts the 
proposed location of the DANIELA windows.  
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Figure 3.2 demonstrates a schematic of the test rig mechanism. It shows that 
the air from the lab environment is introduced into the rig from above. It then 
flows over the bell-mouth and through the rig.  Section A-A shows the cross 
section of the top part of the test which is a hexagonal shape. The rig then 
becomes cone shaped and the cross section is circular (see Section B-B in 
Figure 3.2). A fan with a diameter of 0.5 meters is located at the bottom of the 
rig. As demonstrated in Figure 3.2, the solid particles are fed through the 
system from above the bell-mouth and are introduced into the system by air 
flow. 
 
Figure 3.1 Approximate location of the optical windows. 
Approximate location 
of the optical windows 
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The air speed is 100 m/s which is in the same order of magnitude as the 
average speed of a civil aircraft. This is a reasonable speed considering the 
energy consumption and space requirement and the size of the fan required. 
To increase the test efficiency, the test was designed to examine the effects of 
dust particles on 6 different window samples simultaneously. To accommodate 
this, section A-A (see Figure 3.2) was designed in the shape of a hexagon.  
 
Figure 3.2 Test rig dimensions. 
Section A- A
Section B- B 
Air and aerosol 
particles 
A A 
B B 
C C 
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The sample windows have a dimension of 3x5cm. The reason for selecting 
these dimensions is as follows: 
 The samples are not too large to take up too much space and not too 
small to make them difficult to examine.  
 The samples are approximately the same size as microscope slides. This 
would simplify the study of samples using the microscope. 
 The dimension is close to the diameter of DANIELA windows which are 
5cm in diameter. Note that the reason for selecting smaller diameter 
windows for the DANIELA project is that larger windows are more 
expensive and there is a possibility of manufacturing delays. 
The dimension of the side of the hexagon ‘a’ (see Figure 3.2) was calculated 
according to the dimension of the window samples to be 0.098m. The area of 
the hexagon was consequently calculated using  
𝐴 =
3√3
2
𝑎2 
(3-1) 
     A = 0.025m2 
Using A and a, the dimension of the diameter of the hexagon, ‘d’, (see Figure 
3.2) is calculated to be 0.196m. 
The volume flow rate can then be calculated according to the flow speed and 
the inlet area (A), using 
?̇? = 𝑉𝑚 × 𝐴 (3-2) 
?̇? = 2.5 𝑚
3
𝑠⁄
̇
 
(3-3) 
The diameter of the fan ‘D’ (see Figure 3.2) used in this experiment is 0.5 m. 
The table for the pressure drop and the information on the fan is included in 
appendix (A). 
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The angle of expansion from the neck to the diffuser ‘α’ (see Figure 3.2) is 3.5⁰ 
on each side, as recommended by the manufacturing team.   
Next, the vertical length of the middle section of the test rig ‘b’, from the bottom 
of the hexagon to the top of the fan (see Figure 3.2) can be calculated using 
Pythagoras theory as 
𝑋 =
𝐷 − 𝑑
2
 
(3-4) 
and hence  
𝑏 =
𝑋
tan
3.5 × 𝜋
180
 
 
𝑏 = 2.484 𝑚  
Therefore, the length of the side edges of the test rig can be calculated as 
𝐶 = √𝐿2 + 𝑋2 (3-5) 
𝐶 = 2.488 𝑚  
 
A summary of the test rig parameters is presented in Table 3-1. 
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Table 3-1 - summary of the test rig parameters 
Parameter Magnitude 
Speed in the test rig 100m/s 
Size of the windows 0.03 X 0.05m 
a (side of the hexagon) 0.098m 
Area of the hexagon 0.025m2 
Diameter of the hexagon  0.196m 
Volume flow rate 2.5m3/s 
Diameter of the fan (D) 0.5m 
angle of expansion from the neck to the diffuser ‘α’ 3.5° 
Vertical height of the test rig (b) 2.484m 
Side edge length (C) 2.488m 
 
 
To gain an understanding of the behaviour of the flow in the test rig the 
Reynolds number is required. Whether a flow is turbulent or laminar is 
dependent on the geometry, surface roughness, mean fluid velocity, surface 
temperature, and type of fluid among other things. In fact, the flow regime 
depends mainly on the ratio of the inertia forces to viscous forces in the fluid 
which is called the Reynolds number (Čengel and Turner (2001)). For internal 
flows in circular pipes, the Reynolds number ’Re’ is given by  
 
𝑅𝑒 =
𝐼𝑛𝑒𝑟𝑡𝑖𝑎 𝑓𝑜𝑟𝑐𝑒𝑠
𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝐹𝑜𝑟𝑐𝑒𝑠
=
𝑉𝑚𝐷
𝑣
 
(3-6) 
where 
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 Vm = Mean fluid velocity, m/s 
 D = Characteristic length of the geometry (diameter in this case), m 
 𝜈 = μ/ρ = Kinematic viscosity of the fluid, m2/s 
 μ = Dynamic viscosity 
Here, to simplify the calculations, the hexagonal part of the rig is also treated as 
a circular pipe: Dynamic viscosity of air is 0.0000186kg/m.s and its density is 
1.275kg/m3. Therefore, the Kinematic viscosity of air can be calculated using 
𝜈 =
μ
𝜌
 
 (3-7) 
𝜈 = 1.458−5  𝑚
2
𝑠⁄  
 
The Reynolds number can then be calculated using equation (3-6) which gives 
Re = 1.345 × 106. 
At large Reynolds numbers inertia forces, which are proportional to density and 
the velocity of the fluid, are large in comparison to the viscous forces (Čengel 
and Turner (2001)). Therefore, viscous forces cannot prevent the random and 
rapid fluctuations of the fluid. On the other hand, at small Reynolds numbers, 
the viscous forces are large enough to overcome the inertia forces and to keep 
the fluid “in line”. This results in the flow being turbulent in the first case and 
laminar in the second. 
As Čengel and Turner (2001) point out, having the exact values of Reynolds 
number for laminar, transitional and turbulent flows is very desirable. However, 
in practice this is impossible. The reason is that, other factors such as the 
degree of disturbance of flow by surface roughness, pipe vibrations, and the 
fluctuations in the flow are also effective on the transition from laminar to 
turbulent flow. Under most practical conditions, the flow in a pipe is laminar at 
Re < 2300, turbulent at Re >4000, and transitional in between. That is: 
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Laminar flow: Re < 2300 
Transitional Flow: 2300 ≤ Re ≤ 4000 
Turbulent flow: Re > 4000 
Therefore, the flow in the test rig across the samples is turbulent, as the 
previously calculated Reynolds number (1.345 × 106) is much larger than 4000. 
To compare this to the Reynolds number on a commercial aircraft, the 
approximate Reynolds number over the aerofoil of the Airbus A320 was 
calculated. The Airbus A320 family consists of short to medium range, narrow-
body, commercial passenger jet airliners manufactured by Airbus. Airbus A320 
is the largest aircraft in this family. The approximate Reynolds number for the 
Airbus A320 over the aerofoil can be calculated using 
𝑅𝑒 =
𝑉𝑐
𝜈
 
(3-8) 
where  
V= Flight speed (m/s) 
C = Chord length (m) 
𝜈 = Kinematic viscosity (m²/s) = 1.46 x 10-5 (m²/s) 
Note that the chord of the aircraft is calculated using 
𝐶 =  
𝑠
𝑏
 
C = 3.425m 
 (3-9) 
where  
s = Wing area (m²) = 122.6 m² 
b = Wing span (m) = 35.80 m 
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Therefore the chord is 3.425 m and the Reynolds number is calculated to be 
5.676 x 107. 
Figure 3.4 to Figure 3.6 and Figure 3.8 to Figure 3.10 show the velocity of air 
versus the position from the nose of the aircraft at 5, 9, 11 and 13m high from 
the surface of the aircraft. The first set of figures is for a 0˚ side slip condition 
and the second set is for a 20˚ side slip angle.  
The average velocity can be taken as 2.5 x 102 m/s, using which the Reynolds 
number for the flow within the test rig, can be calculated. 
Using equation (3-8), the Reynolds number can then be calculated as: 
𝑅𝑒 =  
250 × 0.196
1.458−5
 
 
 
Therefore, the Reynolds number for the flow in the test rig, for which the speed 
of the aircraft is 250 m/s, will be 3.361 x 106.  
Figure 3.3 - Figure 3.4 show the velocity profile of the flow around the nose of 
the aircraft for 0° side slip angle. Figure 3.7 - Figure 3.9, show the velocity 
vectors at 20° side slip angle on a civil aircraft. 
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Figure 3.3 Contours of velocity magnitudes for 0° side slip angle. 
 
Figure 3.4 Velocity magnitude (m/s) vs position (m) from the nose of the  aircraft on 
both sides. 
  29 
  
(a) (b) 
Figure 3.5 Velocity magnitude (m/s) vs position (m) from the nose of the aircraft at a) 
a 5m height and b) a 9m height. 
 
  
(a) (b) 
Figure 3.6 Velocity magnitude (m/s) vs position (m) from the nose of the aircraft at a) 
a 11m height and b) a 11m height height. 
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Figure 3.7 Velocity vectors coloured by velocity magnitude (m/s) at 20° side slip 
angle. 
 
 
Figure 3.8 Velocity magnitude (m/s) vs distance (m) from the nose of the aircraft at 
20° side slip angle. 
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(a) (b) 
Figure 3.9 Velocity magnitude (m/s) vs distance (m) from the nose of the aircraft at 5m 
height at 20° side slip angle – right hand side and b) 13m height at 20° side slip angle. 
 
  
(a) (b) 
Figure 3.10 Velocity magnitude (m/s) vs distance (m) from the nose of the aircraft at a) 
9cm height at 20° side slip angle and b) 5cm height at 20° side slip angle. 
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(a) (b) 
Figure 3.11 Velocity magnitude (m/s) vs distance (m) from the nose of the aircraft 
at 5m height at 20° side slip angle – left hand side and b) 13m height at 20° side 
slip angle. 
Figure 3.9 – Figure 3.11 show the change in velocity versus the distance from 
the surface of the aircraft at y= 5, 9, 11 and 13 m which is the distance from the 
nose of the aircraft along the fuselage. It can be seen that the velocity increases 
from zero (at x = 2m) to approximately 80% of the highest value shown on 
these figures at x = 2.05 m.  
Table 3-2 exhibits the Reynolds numbers achieved from different calculations 
explained above. The values achieved from Adair Williams calculations proves 
that the flow over the nose of the air craft is a turbulent flow and this can be 
achieved within the test rig. Therefore not only the velocity within the test rig is 
of the same order of magnitude as a civil air craft, the flow is also turbulent. This 
shows that the test will create a better demonstration of the behaviour of flow 
over the DANIELA windows. 
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Table 3-2 Reynolds numbers obtained under different conditions. 
Method Reynolds Number 
Test rig 1.345 × 106 
Commercial air craft 5.676 x 107 
Adair William’s calculations 3.361 x 106 
 
Another value which needs to be considered is the boundary layer thickness. To 
achieve this, the windows have to be placed at a certain distance from the rig 
inlet. To reach the desirable distance, investigations are required to determine 
the boundary layer thickness and entry length.  
To explain the inlet region and entry length, Čengel and Turner (2001) 
considered a fluid entering a circular pipe with uniform velocity. Due to non-slip 
conditions, the particles in the layer in contact with the surface of the pipe will 
come to a complete stop. Consequently, the neighbouring fluid layer will slow 
down as a result of friction between the particles of these two adjoining fluid 
layers at different velocities. This fluid layer will then slow down the molecules 
of the next layer, and so on. To make up for the velocity reduction in flow and to 
maintain a constant mass flow rate through the pipe, the velocity at the mid-
section of the pipe has to increase. This will result in a velocity gradient 
developing along the pipe.  
The boundary layer is a region of the flow in which the effects of the viscous 
shearing force caused by fluid viscosity are felt. The hypothetical boundary 
surface divides the flow in the cross section of the pipe into two regions: the 
boundary layer region, in which the viscous effects and the velocity changes are 
significant, and the inviscid flow region, in which frictional effects are negligible 
and the velocity remains essentially constant. 
The boundary layer thickness increases in the direction of the flow until the 
boundary layer reaches the centre of the pipe and therefore fills the centre of 
the pipe. Čengel and turner (2001) refer to the region from the pipe inlet to the 
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point where the boundary layer merges as the hydrodynamic entry region 
entrance length Lh or the entrance length. The hydro-dynamically developed 
region is referred to as the region beyond the hydrodynamic entry area in which 
the velocity profile is fully developed and remains unchanged. Fully developed 
flow occurs when the normalised temperature profile also remains constant. 
When the fluid temperature does not vary in the pipe and stays constant 
throughout, the hydro-dynamically developed flow is equivalent to the fully 
developed flow. The profile of mean velocity in hydro-dynamically developed 
regions is parabolic in laminar flows and flatter in turbulent flows. The 
hydrodynamic entry length in laminar flow in a pipe is given approximately by 
𝐿ℎ,𝑙𝑎𝑚𝑖𝑛𝑎𝑟 ≈ 0.06 𝑅𝑒𝐷 (3-10) 
In turbulent flow, the intense mixing during random fluctuations usually 
overshadows the effects of momentum diffusion. For smooth pipes, the 
hydrodynamic entry length is expressed as: 
𝐿ℎ,𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡  ≈ 4.4 𝐷 (𝑅𝑒)
1/6 (3-11) 
Hence, the entry length for the test rig is evaluated as 
𝐿ℎ,𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡  ≈ 4.4 × 0.196 ×  (1.345 × 10
6)1/6 (3-12) 
≈ 9.069 𝑚 
A boundary layer thickness of one centimetre is selected. This boundary layer 
had been previously calculated and used by Adiar Williams as part of the 
DANIELA project. 
3.1.2 Pressure Loss in the Test Rig 
Another factor that required consideration was the pressure drop through the 
test rig, to ensure that there will be adequate pressure to move the particles 
through the rig.  
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Čengel and Turner (2001) express the pressure drop as a result of friction 
effects for internal flows as 
∆𝑃 = 𝑓
𝐿
𝐷
𝜌𝑉𝑚
2
2
 
(3-13) 
where  𝜌
𝑉𝑚
2
2
⁄   is the dynamic pressure. The dimensionless quantity f is the 
friction factor. For a fully laminar flow the friction factor can be expressed as 
𝑓 =
64𝜇
𝜌𝐷𝑉𝑚
=
64
𝑅𝑒
 
(3-14) 
Whilst for fully turbulent flows, such as the flow in the test rig, the friction factor 
can be calculated using 
1
√𝑓
≈ −1.8𝑙𝑜𝑔 [
6.9
𝑅𝑒
+ (
𝜀
𝐷⁄
3.7
)
1.11
] 
(3-15) 
The head loss is defined by 
ℎ𝑙 =
∆𝑃
𝜌𝑔
= 𝑓
𝐿
𝐷
𝑉𝑚
2
2𝑔
 
(3-16) 
However, for minor losses in the system, hl can be calculated using 
ℎ𝑙 = 𝐾𝐿
𝑉𝑚
2
2𝑔
 
(3-17) 
where KL is the loss coefficient. 
To calculate the pressure drop across the test rig, the rig was divided into three 
sections: the neck area, the diffuser and the main part. However, note that 
minor head losses occur in the bell-mouth and also in the expansion of the neck 
to the diffuser. 
To calculate the head loss at the entrance to the rig, the bell-mouth is assumed 
to be well rounded. Using the head loss coefficients from Čengel and Turner 
(2001), the ratio of the radius of the bell-mouth to the diameter of the test rig at 
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the neck area is assumed to be equal to 0.2. This will prove a value of 0.039 for 
the radius of the bell-mouth. 
The head loss can then be calculated to be 15.29m using equation (3-17).  
Rearranging equation (3-16) to calculate pressure drop gives  
This gives the pressure drop in the entrance to be 187.5 Pa. The pressure drop 
at the neck area of the test rig is due to the friction losses at this area. 
To calculate the pressure drop, equation (3-16) is used to calculate the friction 
loss and the result is placed in equation (3-17) to arrive at the pressure drop 
value of 318.6 Pa. 
To calculate the head loss in the expansion of the pipe, the expansion angle is 
assumed to be 8°. This gives a head loss coefficient of 0.02 as explained by 
Čengel and Turner (2001). Using equation (3-17), the head loss is calculated to 
be 10.19m and the pressure drop is then calculated using equation (3-18) to be 
25.3Pa.  
Therefore, the total pressure drop throughout the test rig is approximately equal 
to the sum of all the pressure drops calculated, which is 531.4Pa. 
Table 3-3 shows the pressure drop calculated in the different sections of the 
test rig. 
Table 3-3 Pressure drop calculated in different sections of the test rig. 
Location  Pressure 
At the entrance of the test rig 187.5 Pa 
At the neck of the test rig 318.6 Pa 
Expansion section of the test rig 25.3Pa 
Overall pressure drop in the test rig 531.4Pa 
 
                                                  ∆𝑝 = ℎ𝑙 𝜌𝑔 (3-18) 
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Using the above results, a suitable fan can be selected which is able to 
overcome the pressure drop in the system. 
3.1.3 Boundary Layer Thickness 
To define the boundary layer thickness of the flow, some arbitrary convention 
must be adapted as the velocity within the boundary layer approaches the 
velocity of the main stream asymptotically. One way of describing the thickness 
is the distance from the solid surface at which the velocity reaches 99% of 
maximum velocity Um of the main stream. To increase the chance of the window 
samples being affected by the dust particles as they would be on an aircraft, a 
boundary layer thickness of 1cm was chosen.  
In order to collect the dust particles after they leave the rig a pack of filters 
needs to be placed between the fan and the rig.  
The test can be undertaken with just air from atmosphere going through the test 
rig. However this can be further expanded by using vegetable oil as an example 
of droplets and “Arizona dust” (ISO 12103 Ptl –Grade A1) as solid particles. 
3.1.4 Discharge Coefficient 
Another factor which needs to be considered in designing the test rig, which 
could affect the flow and the boundary layer thickness, is the discharge 
coefficient. Blaire et al describe that the shape of the bell-mouth at the intake 
can play an important part on the characteristics of the flow. Hence further 
investigation was completed on studying the flow over the bell mouth on ICEM 
Computational Fluid Dynamics (CFD), to ensure that a suitable flow is built in 
the rig and that a reasonable boundary layer thickness of around 1cm is built up 
over the window samples. This is explained fully in 3.2. Massey (2006) explains 
that as a result of friction and contraction, the discharge from the orifice is less 
than the ideal value and the coefficient of discharge Cd is defined as the ratio of 
the actual discharge to the ideal value i.e. 
      𝐶𝑑 =
𝐴𝑐𝑡𝑢𝑎𝑙 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝐼𝑑𝑒𝑎𝑙 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
 
(3-19) 
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3.2 Computational Fluid Dynamics Work 
In order to determine the behaviour of the flow over the window samples and 
along the test rig, a numerical modelling and simulation work was carried out in 
the CFD module of the software package ANSYS.  
Figure 3.12 depicts the geometry and the mesh of the test rig, which was 
created in ICEM. As shown in this figure, the test rig is divided into two equal 
parts. Only half of the test rig is modelled and using axis symmetry, the whole 
test rig can then be studied. Once the geometry is created, the model is 
discretised into finite control volumes. The close up of the resulting mesh near 
the bell mouth and the test rig inlet is demonstrated in Figure 3.13.  
After the geometry and a mesh were created in ICEM, they were imported to 
the CFD solver FLUENT to be processed. 
 
Figure 3.12 Geometry of the test rig in ICEM 
=
𝑨𝒓𝒆𝒂 𝒐𝒇 𝒗𝒆𝒏𝒂 𝒄𝒐𝒏𝒕𝒓𝒂𝒄𝒕𝒂 × 𝑨𝒄𝒕𝒖𝒂𝒍 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚 𝒕𝒉𝒆𝒓𝒆
𝑰𝒅𝒆𝒂𝒍 𝒄𝒓𝒐𝒔𝒔 𝒔𝒆𝒄𝒕𝒊𝒐𝒏𝒂𝒍 𝒂𝒓𝒆𝒂 × 𝑰𝒅𝒆𝒂𝒍 𝒗𝒆𝒍𝒐𝒄𝒊𝒕𝒚
 
=
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑣𝑒𝑛𝑎 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑎 × 𝐴𝑐𝑡𝑢𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑜𝑟𝑖𝑓𝑖𝑐𝑒 × 𝐼𝑑𝑒𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
= 𝐶𝑐 × 𝐶𝑣 
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Figure 3.13 The entrance of the test rig. 
 
3.2.1 Fluent Work and Results 
As Jiyuan Tu et al (2007) explains, to be able to study the behaviour of the flow 
in a test rig, the fluid properties need to be understood and defined in Fluent.  
As the flow inside and outside the test rig needs to be studied, both internal and 
external flows need to be considered. As mentioned before, to start with, the 
fluid flowing through the icing tunnel is air, which is considered to be inviscid 
and incompressible. The materials properties of air are used in FLUENT 
accordingly. 
Once the properties of air are defined, the boundary conditions are assigned. 
Figure 3.14 illustrates the implemented boundary conditions. The line at the top 
of the sketch is the pressure inlet at which pressure is set to atmospheric 
pressure i.e. 101325 Pa and velocity is set to the inlet velocity i.e. 100 m/s. The 
far left line is the wall of the laboratory in which the rig is placed. The lower line 
next to the wall is a pressure inlet. The blue line shows the body of the rig which 
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is denoted by wall 2. The fan outlet is defined as an outlet. Finally, symmetry 
boundary conditions are applied at the axis of symmetry of the half model.  
 
Figure 3.14 Boundary Conditions. 
The analysis completed shows that, considering the given parameters, the flow 
can be achieved within the test rig. 
3.3 Windows Samples 
There are a number of factors which could affect the selection of the windows. 
Some of these factors are the forces between the surface of the optical window 
and the aerosol particles. These forces are the adhesive forces, which include: 
 Van der Waals force 
 Electro-static Force 
 Forces arising from the surface tension of absorb liquid films. 
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In addition to the forces acting between the aerosol particles and the surface, 
there are other qualities that the windows should possess for the purpose of this 
project. These include optical properties, mechanical properties, thermal 
properties and the way the materials have been manufactured. Additionally, 
different ways exist in obtaining what is needed from an optical window in terms 
of resistance and strength by applying different type of coating to these 
materials.  
There are different methods to measure the resistance of various materials to 
erosion, including using high speed water jet bursts produced by multiple impact 
jet apparatus (MIJA) developed by Cambridge University. (DANIELA 6 monthly 
report – 2008) 
 
 
Figure 3.15 Summary of damage threshold for a range of window materials for 
normal incidents subject to water jet impact 1994. 
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Figure 3.15 shows a strong link between the jet impact speed at which a 
material surface shows some permanent damage and the fracture toughness of 
that material. The jet is thought to have a similar impact to that of a water 
droplet of 2mm diameter acting at a similar speed in normal impact. 
Harris (1999) divides bulk infrared window materials into three different groups: 
crystals, polycrystalline and glasses. Table 3-4 shows some of the examples of 
each group. 
Table 3-4 Classes of bulk infrared materials. 
 
Harris (1999) also describes how in crystal materials all the atoms are aligned 
regularly. Throughout the crystal, the arrangement of atoms within each cell unit 
is identical.  
In glass materials, there is no regularity or crystalline form. The connection from 
one cell to another twists and turns. Therefore, the structure does not repeat 
itself from one region to another.  
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A polycrystalline material is made up of randomly oriented crystals called 
grains. The grain boundaries are holding the material together; as a result the 
thickness. The composition of the grain boundaries is very effective on the 
strength of the material. The grain boundaries can also affect the thermal 
conductivity of the material, as the heat does not flow across boundaries at the 
same rate. (Harris - 1999) 
It is also explained by Harris (1999) that the polycrystalline materials are usually 
cheaper, and tend to be tougher and stronger than single crystals of the same 
material. Glass materials are easier to fabricate. They can be manufactured in 
large shapes with good optical qualities. However, the downside to glasses is 
the lower mechanical properties, which makes them less durable. 
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CHAPTER 4.    EXPERIMENTAL WORK 
As mentioned previously two experimental approaches are possible:  
1) Experiments using an existing icing tunnel,  
2) Experiments using a newly designed test rig for the purpose of this project. 
Both methods were considered in this thesis.  
As explained in Section 3.1.1, the design of the new test rig was completed. 
However, the test rig construction required more time and resources, which did 
not become available prior to the termination of the project. Nonetheless, the 
theoretical work presented in Section 3.1 can be utilised in the building of the 
test rig in the future in order to perform more specific tests under more 
controlled conditions. The experimental procedure carried out by placing the 
window samples inside an existing icing tunnel is described in this chapter.  
This chapter starts by introducing the tools required for the experiment in 
Section 4.1. It then outlines the objective of the experiment in Section 4.2 before 
describing the experiment procedures in Section 4.3. 
4.1 Tools Required 
For the purpose of the experiment a metal frame was manufactured with 6 slots 
for the samples and these were then placed in Cranfield icing tunnel. 
4.1.1 Window Samples and Frame: 
Six window samples of sizes 3x5cm were fixed in an aluminium frame and 
attached to the surface of the top wall of the icing tunnel as shown in Figure 4.1 
and Figure 4.2. 
To be able to test the effect of particle adhesion on all classes of the materials 
described in section 3.3, one or two samples of each class was selected. The 
following materials were purchased to be tested:  
 Sapphire (Single crystal) 
 Germanium (Single crystal) 
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 BK7 (Glass) 
 Zinc Sulphite (Polycrystalline) 
Sapphire 
Sapphire which is a single crystal aluminium oxide (α-Al2O3) is one of the 
popular infrared materials used for windows which survive in challenging 
environments (Harris - 1999).  
Germanium 
According to Sullivan (2009), Germanium is transparent in both long wave (8-
12μm) and short wave (3-5μm). However, according to Avsar et al (2010) to 
increase the windows strength and durability, a coating of Diamond-Like Carbon 
(DLC), is deposited on the germanium. 
BK7 (Crown glass) 
BK7 is a borosilicate crown optical glass. BK7 has a high homogeneity and low 
bubble content. Albeit glasses are easier to manufacture and can be produced 
in large shapes with good optical quality, they suffer from inferior mechanical 
properties compared to the other two classes of materials. 
Zinc Sulphide (ZnS) – Chemical Vapour Deposition (CVD) 
Chemical Vapour Deposition (CVD) is a process of passing gaseous reactants 
over a hot substrate. The gaseous reactants are hence decomposed and 
produce a solid material as explained by Kaplan et al (1998). The CVD optical 
materials are polycrystalline. Zinc sulphite however is weak against erosion and 
requires a protective coating. 
The above materials all possess the optical quality and are resistant to most 
environments or can be made resistant with coatings.  
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Figure 4.1 Window samples’ frame dimensions. 
 
 
Figure 4.2 Samples in the metal frame. 
15.00
12.00
270.00 6.25
2.00
180.00
30.00
50.00
Window 
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4.1.2 Icing Tunnel: 
Icing tunnels are generally similar to standard aerodynamic wind tunnels. 
However the main difference between an icing tunnel and a wind tunnel is the 
addition of a refrigeration plant, to cool the airflow at a range of temperatures 
between 0 and -35 degree and to include a droplet source of bar spray rake 
with nozzles able to produce droplet sizes. (Sorato – 2009) 
Cranfield Icing tunnel contains an 80 Kg/s fan with a series of different working 
sections which allows obtaining a test mach number from 0.1 to 0.5. The 
atmospheric icing conditions are simulated with a refrigeration plant with a 
cooler of 450 KW able to decrease the temperature from 30°C to -30°C. With 
six spray bars of nozzles, the icing tunnel is able to produce droplet sizes from 
15 to 80 micron. The tunnel is equipped with several pressure and temperature 
transducers which are fixed and connected to the digital data acquisition system 
and used to monitor and control the tunnel running conditions. (Cranfield 
University Website – 2016) 
The icing tunnel consists of the following sections: test section, divergent 
section, turning vanes, plenum chamber and convergent section. Figure 4.3 
demonstrates a section view of the icing tunnel. (Sorato – 2009) 
 
 
Figure 4.3 – Cranfield icing wind tunnel view (Cranfield University Website – 
2016) 
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The frame containing the window samples was attached to the upper wall within 
the test section of the icing tunnel. 
To study the flow profile within the icing tunnel, at the location where the 
samples were to be tested, pressure measurements were obtained using a Pitot 
tube. The flow velocity was then calculated using the Bernoulli equation 
expressed as 
𝑃1 − 𝑃2 =
1
2⁄ 𝜌(𝑉2
2 − 𝑉1
2) (4-1) 
where the air speed, pressure and density are 
Air Speed (V1):     50m/s   
Air pressure (P1):    24000 Pa 
Air density at -10° C (ρ):   1.25347kg/m3 
P2 is the pressure measured using the pitot tube at different vertical distances 
from the wall of the icing tunnel at the location of the samples. To improve the 
accuracy, three sets of measurements were taken for each point and the 
average was calculated as shown in Table 4-1. 
Equation (4-1) can then be rearranged to calculate the flow velocity at different 
vertical distances from the icing tunnel wall, at the location of the samples.  
𝑉2 = √
2 × (𝑃1 − 𝑃2)
𝜌
+ 𝑉1
2 
(4-2) 
The calculated velocity is presented in Table 4-1. Figure 4.4 demonstrates the 
flow velocity profile of the icing tunnel. 
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Table 4-1 Pressure reading and velocity profile at different distance from the wall 
of the icing tunnel. 
Distance 
from wall 
Reading 
1 
Reading 
2 
Reading 
3 
Average 
Reading 
Velocity 
mm Pa Pa Pa Pa m/s 
2 839 828 862 843 37.35 
3 840 852 866 853 37.56 
4 900 911 902 904 38.64 
5 921 933 903 919 38.94 
6 933 956 944 944 39.46 
10 975 984 992 984 40.24 
20 1007 1024 1015 1015 40.87 
30 1009 1041 1015 1022 40.99 
40 1015 1023 1001 1013 40.82 
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Figure 4.4 - Icing tunnel flow velocity against distance from the wall of the icing 
tunnel. 
 
The frame in which the samples are placed has a thickness of 6.25mm. The 
flow velocity near the surface of the samples is therefore approximately 
39.5m/s.  
4.1.3 Optical Testing Station 
An optical testing station was manufactured to test the optical clarity of the 
window samples. This station included an optical device and a sensor.  
Prior to the built up of the optical station, a prototype of the optical station was 
created to test the hypothesis of the effectiveness of measuring the amount of 
back scatter from the windows. The prototype proved effective, and hence an 
optical station was created for the purpose of this experiment.  
The concept behind the optical set up is as shown in Figure 4.5. 
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Figure 4.5 Optical test station. 
 
Vr + Vd = Vs (4-3) 
where,  
Vr = Voltage across the resistor (is the value being considered for comparison) 
Vd = Voltage across the diode 
Vs = Voltage across the battery 
The optical station consisted of a 635 nm laser diode module set at 2.6V, a SI 
pin photodiode with a sensitivity of 320 to 1100 nm and a fixed frame which the 
samples were placed in. The reason for selecting the specific laser diode was 
the visibility of the light signal which eased the testing. 
The laser was placed at 45° angle to the samples at 7cm distance and the 
diode was placed directly at a 90° angle in front of the samples at 2cm distance. 
This was to prevent the sensor picking up the reflection from the samples. This 
is demonstrated in Figure 4.6. 
 
Vr
Vd
Vs
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Figure 4.6 Optical test station schematic 
 
The station was then covered up by a box, which was painted mat black on the 
inside to stop the light from environment affecting the sensor.  
Figure 4.7 and Figure 4.8 show the configuration of the optical station. The 
former depicts the optical station set up, and the latter shows the station 
covered by the wooden box.  
Incident 
Sensor 
Laser Diode 
Backscatter 
Reflected 
Refracted 
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Figure 4.7 - Optical station configuration. 
 
Figure 4.8 - Optical station with the box covering the samples. 
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4.2 Experiment Objective 
The main purpose of performing the experiment was to compare the dust build 
up on each type of the window material. This would help with finding out which 
of the window samples will be a more suitable product for the DANIELA project, 
in terms of optical clarity. The test was to be done in two stages.  
In the first stage, a preliminary test (test 1 and 2) was carried out using 
microscope slides. Performing the preliminary test was to help with observing 
the distribution of dust on the windows and how uniform the dust build up is.  
In the second stage testing (test 3), actual window samples were used to assist 
in examining whether the amount of dust build up is different on each material. 
Each sample was also tested in the optical station to enable the comparison of 
the optical clarity. 
The testing procedures are explained in details in section 4.3. 
4.3 Experiment Set up 
To start with, a preliminary test (test 1 and test 2), was carried out with 
microscope slides. The slides were fitted onto the top wall of the icing tunnel for 
three weeks to confirm whether there is consistency in terms of dust build up on 
each individual sample.  
For the purpose of this project, ambient aerosol was used. The advantage of 
using ambient aerosol is that it eliminates the need for the use of filters or a 
closed system. The dust can then be returned to the environment without any 
risk to people or the surrounding environment. However, this results in the 
aerosol particles to be uncontrolled and random. There will not be any means of 
knowing the material and the sizes of the particles collected on the samples.  
The test was performed in the icing tunnel lab, based at Cranfield University 
campus in Bedfordshire. These tests were carried out between the months of 
January 2011 until May 2011.  
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The dust collected could be a mix of the following categories of aerosol: 
1) Urban pollution from cars or planes (as a result of Cranfield Airport being 
in a short distance from the lab).  
2) Fuel burning for the operation of the icing tunnel 
3) Natural aerosol from trees and the dust from the ground 
Figure 4.9 shows the average weather information for Cranfield, taken from the 
Met Office website. Although the table shows the weather average between the 
years 1981 to 2010, it is still a good indication of the weather average around 
the time of the experiment. 
 
 
Figure 4.9 - Average weather table for Cranfield. 
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After the window samples were tested in the icing tunnel, the change in the 
samples was studied via two methods: 
 Observing the results under a microscope and comparing the slides. 
 Placing the window samples in the optical station and measuring the 
change in voltage across the resistor, as a result of the back scatter light 
from the microscope slides, emitted by laser. 
In order to see the difference in the voltage after the windows had been placed 
in the icing tunnel, microscope slides were tested in the optical station in their 
original form and the results were recorded. They were then smeared with 
environment dust and grease in separate occasions; the results for each of 
these occasions were also recorded, as it can be seen in Table 4-2. This was 
both to have a base point to compare to and also to see if the optical system is 
responding and whether the change in the readings is noticeable. Table 4-2 
shows the value for Vr, for the microscope slides. 
Table 4-2 Optical results from preliminary test of microscope slides. 
Material Condition 
Voltage read 
(v) 
Microscope slide Clean 0.0014 
Microscope slides Smeared by Vaseline 0.0070 
Microscope slides 
Covered by eye 
shadow 
0.0084 
Microscope slides 
After being cleaned  by 
a piece of cloth 
0.0014 
Microscope slides 
Exposed to 
environment dust 
0.0014 
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To start, 6 microscope slides were placed on an aluminium plate and placed on 
the top wall of the icing tunnel as shown in Figure 4.10. The plate was fixed to 
the top of the icing tunnel, 50cm from the entrance of the icing tunnel. This was 
to ensure that the flow is stable as it goes over the samples. The edges of the 
plate were smoothened to prevent disturbing the flow any further. Figure 4.11 
shows the position of the plate in the icing tunnel. 
 
 
 
Figure 4.10 Test samples placed e in the icing tunnel. 
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Figure 4.11 View from the working sections of the icing tunnel. 
4.3.1 Test 1 
The first test was performed with 6 clean microscope slides (see Figure 4.11) 
for a period of 21 days and the samples were exposed to air and water for 5 
hours and 57 minutes within the icing tunnel. 
Table 4-3 shows the conditions under which the icing tunnel was running and 
the time periods during which the samples were placed in the icing tunnel. 
Table 4-3 - Test 1 conditions. 
Sample microscope slides 
Time period 21 days 
Time exposed 5 hours and 57 minutes 
Temperature -10°C to -15°C 
Water pressure 17 and 17.3 kPa 
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Air pressure 24 kPa 
Speed 50 m/s 
 
 
 
 
Figure 4.12 The position of slides. 
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The order of the samples placed in the icing tunnel is shown in Figure 4.12. The 
samples were then taken out and tested. While taking out the samples, care 
was taken to avoid any contact with the samples and to keep these as 
undisturbed as possible.  
 
Table 4-4 - Optical results from test 1 
Sample numbers Voltage reading (v) 
1 0.004 
2 0.004 
3 0.008 
4 0.007 
5 0.011 
6 0.012 
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Slide 1 Slide 2 
  
Slide 3 Slide 4 
  
Slide 5 Slide 6 
Figure 4.13 - Microscope slides placed under the microscope. 
400μm 
400μm 
400μm 400μm 
400μm 400μm 
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4.3.2 Test 2 
A similar test was carried out for another set of samples. The samples were in 
the icing tunnel for a total of 9 hours in a period of 3 days.  
Table 4-5 - Test Condition for test 2 
Sample Microscope slides 
Time period 4Days 
Time exposed 9 hours 
Temperature -10°C to -15°C 
Water pressure 17 - 17.3 kPa 
Air pressure 24 kPa 
Speed 50 m/s 
 
 
Table 4-6 Optical test results for test 2 
Sample numbers Voltage reading (v) 
  
1 0.00014 
2 0.00014 
3 0.00014 
4 0.00014 
5 0.00014 
6 0.00020 
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Slide 1 Slide 2 
  
Slide 3 Slide 4 
  
Slide 5 Slide 6 
Figure 4.14 - Microscope observation of the window samples. 
 
 
 
1 
400μm 
2 
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3 
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4 
400μm 
5 400μm 6 
400μm 
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From the preliminary tests (test 1 and 2), it can be seen in test 2 results, there 
has not been much dust particles collected on the windows. This shows that the 
time period the samples are exposed to dust can have a great effect on the 
number of particles attached to the surface. 
However it can be determined that the samples placed within the icing tunnel at 
the same time and under the same condition have collected almost the same 
amount of dust while in the icing tunnel and there is consistency in the results. 
4.3.3 Test 3 
After completing the preliminary tests (test 1 and 2) and confirming the 
consistency in the adhesion of dust on all the samples, the window samples 
were placed in the icing tunnel. 
The test samples were placed in the optical station to measure the change in 
voltage before being placed in the icing tunnel. The results were as follows: 
Table 4-7 - Optical test for the window samples before being exposed to dust 
Sample numbers Voltage reading (v) 
1 – Microscope slide 0.00014 
                      2– BK7 0.00031 
3 - Sapphire 0.00011 
4 - Germanium 0 
5 - Zns 0.00761 
6 – Microscope 0.00014 
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The test samples were placed in the icing tunnel in the order shown in Figure 
4.15. 
 
Figure 4.15 - Placement of the window samples. 
The samples were in the icing tunnel for a period of 12 hours and 47 minutes 
over 21 days. Table 4-8 shows the test conditions and Table 4-9 shows the test 
results after placing the test samples in the optical station. 
 
 
 
 
 
 
Microscope  
Microscope slide 
Sapphire 
Germanium 
ZnS 
BK7 
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Table 4-8 - Test conditions for window sample – test 3 
Sample Actual samples 
Time period 21 days 
Time exposed 12 hours and 47 minutes 
Temperature -10°C to -15°C 
Water pressure 17-17.3 kPa 
Air pressure 24 kPa 
Speed 50 m/s 
 
 
 
Table 4-9 - Optical rest result for the window samples – Test 3 
Sample numbers 
First voltage reading 
(v) 
Second voltage reading 
(v) 
1 – Microscope slide 0.00074 0.00074 
2 – BK7 0.00031 0.00040 
3 - Sapphire 0.00032 0.00037 
4 - Germanium 0.00125 0.00126 
5 - Zns 0.00793 0.00779 
6 – Microscope 0.00081 0.00079 
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Slide 1 Slide 2 
  
Slide 3 Slide 4 
  
Slide 5 Slide 6 
Figure 4.16 - Microscopic observation of window samples. 
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4.4 Experimental Results 
As it can be seen from the data gathered from both the optical tests and the 
visual analysis under the microscope, it is clear that under the same conditions, 
the amount of dust particles collected varies on the surface of different 
materials. 
From the preliminary tests (test 1 and 2), it can be seen that samples collected 
more dust in test 1 in comparison with test 2. This shows that the time period 
the samples are exposed to dust can have a great effect on the number of 
particles attached to the surface. 
From test 3, it can be seen that BK7 and sapphire gave the same results; 
however Zinc Sulphite has collected considerably more dust on the surface. 
Compare to these microscope slides which were tested, are in the middle 
position, they collect noticeably less dust compare to Zinc Sulphite and slightly 
more dust in comparison with BK7 and Sapphire. 
Under the current set up, it is impossible to optically test the Germanium or 
observe the specimen under the microscope. Germanium is opaque in the 
visible spectrum, specifically at the wavelength of the laser and any dust 
collected on the sample cannot be seen on the surface using a microscope. 
However Germanium is transparent in both long wave (8-12μm) and short wave 
(3-5μm). 
Table 4-10, summarises the results achieved for each test sample. 
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Table 4-10 – Material comparison 
Samples  Material class 
Some relevant 
qualities 
Average voltage 
reading (v) 
Dust collection comparison - 
Microscope observation (1 = 
lowest amount of dust collected 
- 3 = Highest amount collected) 
Microscope slide Glass - 0.00074 2 
BK7 Glass 
high homogeneity and 
low bubble content 
0.000355 1 
Sapphire Single crystal 
survives in challenging 
environments 
0.000345 1 
Germanium Single crystal 
to increase the windows 
strength and durability 
0.001255 - 
Zns Polycrystalline 
weak against erosion 
and requires a 
protective coating 
0.00786 3 
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CHAPTER 5.    CONCLUSIONS 
The objective of this work was to compare the optical clarity of a number of 
available optical window materials suitable for the DANIELA project. 
To observe whether an optical window of a specific material will collect more 
dust compared to others under the same conditions. This was achieved by 
testing the window samples in the icing tunnel and leaving them for a number of 
hours exposed to wind and water and atmospheric aerosol particles. The 
samples were studied under the microscope. They were also placed in the 
optical station which was designed to show the change in voltage across the 
sensor, caused by back scattered light from the dust particles adhered to the 
samples. 
The results from the optical station verify the observation under the microscope. 
The higher the voltage obtained from the optical station, the more dust collected 
on the samples. 
Results from both tests proved that under the same test conditions, i.e. flow, 
temperature and moisture, the BK7 and Sapphire collect considerably less dust 
in comparison with the Zinc Sulphite and the microscope slides. Zinc Sulphite 
however collects more dust compared to the other samples. 
Germanium could be tested neither optically nor under a microscope as it is a 
dark opaque material. 
To recommend one of these samples as a solution for the air data system 
however requires more research and work. The recommendation for this has 
been included in the next chapter. 
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CHAPTER 6.    RECOMMENDATION FOR FUTURE 
WORK 
The test performed within the icing tunnel can be extended further by building a 
test rig as based on the information and design specifications included in this 
thesis.  
The experiment can then be further extended to compare the effects of different 
variables on the adhesion of particles to the windows. Some of these variables 
are: particle size and shape, static electricity, relative humidity and the flow 
movement. Some of these effects can be studied as follows: 
As discussed in the literature review bouncing does not occur for droplets or 
easily deformed particles. Harder particle materials, larger particle size and 
greater velocity increase the probability of bouncing. Therefore to expand on the 
work completed particles size and shape can be tested by introducing other 
types of particles or droplet to the flow in a controlled manner, for example, oil 
droplets or smoke particles. For this purpose I would recommend a PivPart 
droplet generator which would create droplets of specific size, and Arizona dust 
as solid particles. 
Another factor which could be studied further is the surface quality. Coating 
surfaces with oil or grease increases the adhesion energy, the deformation and 
the dissipative energy and greatly reduces the possibility of bouncing. This can 
be tested further by manipulating the surface of the samples via application of 
oil or grease to the surface or examine different coating options available for 
different materials tested. 
Aerosol particles carry some electric charge. This results in the particles 
adhering to the surface as the electrical charge can overcome the other forces 
such as gravity. Static electricity can be tested by charging the plate which 
holds the window samples or charging the particles.  
Experimental work performed by different scientists show that the relative 
humidity of the ambient air affects the adhesion of solid particles to solid 
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surfaces. To study the effects of humidity on adhesion, the test can be analysed 
by running the tunnel on a rainy day and a dry day to compare the effect of 
humidity on the adhesion process. 
Effects of boundary layer thickness could be studied as part of the future work. 
As reviewed in the Section 1.1 of the report particles smaller than the boundary 
layer are in part protected from re-entrainment by being submerged in the 
boundary layer, therefore, reducing the chance of a particle being detached 
from the surface by stream of air. To examine this, boundary layer can be 
tripped, by placing a wooden block before the windows to see if the change in 
the flow will have any effects on the adhesion. For this purpose, the windows 
can also be placed in a way that there will be a small gap between the edge of 
the plate and the edge of the windows.  
Other materials could be considered. Some of these materials are: 
 Silicon: Silicon is a good mid wave optical material. However, it is highly 
reflective, and needs anti-reflective coating and it has a modest sand and 
rain erosion. 
 Fused Quartz: Callister (2003) explains that there are three polymorphic 
crystalline forms of Silica; and quartz is one of them. The structure of 
these materials is relatively complicated and the atoms are not 
positioned close to each other. This results in a low density value. 
Moreover, Fused quartz displays strength, and has the ability to remain 
stable under high temperatures. It also has a high resistivity.  
Germanium was not tested and analysed, with the existing set up as it is 
impossible to optically test or observe the specimen under the microscope. 
Germanium is however transparent in both long wave (8-12μm) and short wave 
(3-5μm) and it can be tested using Infra red laser.  
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APPENDICES   
Appendix A -  Fan Specifications 
 
Figure A.1 - Fan specification 
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The following pictures were taken while testing DANIELA windows in the icing 
tunnel at Cranfield. 
 
 
 
 
 
Figure A.2 - DANIELA window. 
